The effectiveness of locally available okra pod powder as natural coagulant under varying pH, dosage and settling time in the removal of turbidity from paint waste water at room temperature has been evaluated. The application of single angle Turbidimeter measurement was employed for the experiment. Such kinetic and functional parameter as coagulation rate constant (K), and coagulation period ( ) 
Theoretical Principles and Coag-Flocculation Kinetics
The time evolution of the cluster-size distribution for colloidal particles is usually described by the Smoluchowski equation [18] . 
where N n (t) is the time-dependent number concentration of n-fold clusters, t is the time, and K ij are the elements of the rate kernel which control the rate of coagulation between i-fold and on j-fold cluster [18] [19] . According to the theory of Von Smoluchowski, where the coagulation of spherical particles is controlled by Brownian diffusion, the coagulation rate constant for doublet formation of an initially mono disperses suspension is given by [18] [21] [22] . 11 8 3
where B K the Boltzmann constant, T is the temperature and η is the viscosity. The particles concentration of singlet and doublets as a function of time can be obtained by solving Equation (1) assuming a constant kernel, i.e.
, resulting in the expression [21] - [24] . 
where N 0 is the initial particle concentration. For n = 1, performing a simple algebraic transformation from Equation (3), one obtains for the inverse square root of the monomer concentration 1 N the following linear function with time.
Substituting the value of n = 1 in Equation (3), we get ( )
Taking the inverse of Equation (4) ( )
Also taking the inverse square root of the monomer concentration 11 0
where 1 N = concentration of singlet at time t, 0 N = concentration of singlet at time = 0 and k = rate constant for collisions between singlet.
Therefore, a graphical representation of the inverse square root of monomer concentration ( ) 1 N versus time should give a straight line and the coagulation rate constant can be measured from the slope of this function once the initial concentration 0 N is known. From the constant kernel solution of the Smoluchowski, Equation (3), is a time scale for the coagulation half time is given by
At this time the total particle concentration is reduced by a factor of 2. This half-time represents a useful time scale for identification of the early stages in the coagulation process.
For an arbitrary kernel, ij K , Equation (1) can be solved for short times as a power series in time and leads to simple expressions for the monomer and dimer concentrations [23] .
where,
Hence:
When , t τ = Equation ( 
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( ) 
For doublets (m = 2)
For triplets (m = 3)
At this point, however, it becomes pertinent to note that efficiency of coag-flocculation was determined using the following expression.
Following the work of MetCalf and Eddy, the relationship between turbidity and total suspended solid is as follows [26] .
where, T is turbidity (NTU), Tssf, is conversion factor = 2.3.
Materials and Methods

Collection of Paint Wastewater Sample and Its Analysis
The wastewater was collected from the waste channel of a paint factory located in Enugu Nigeria. The sample was collected in a 20-litre poly ethylene bottle and tightly closed. The pH, electrical conductivity and turbidity were determined using Mettler Toledo Delta 320 pH Meter, EI Digital Conductivity Meter (model number 161) and EI Digital Turbidity Meter (model no. 337), respectively. Determination of dissolved oxygen, biological oxygen demand (BOD), total dissolved solid (TDS), total suspended solid (TSS), chemical oxygen demand and conductivity were carried out according to the standard method for the examination of water and wastewater [27] . The characteristics of the wastewater collected from paint industry are given in Table 1 .
Preparation of Coagulant Stock Solution Preparation of Okra Pod
The Okra pods used in this study was bought from Ogbette market in Enugu, Nigeria. The Okra pod was sun dried for one week, and dried finally in hot air oven at 60˚C for an hour. It was grounded with common food processor and sieved through a 600 µm sieve to achieve solubilization of active ingredient in the seed. Tap water was added to the powder to make 2% suspension (2 g of powder pod in 100 ml water). The suspension was stirred for 30 minutes on a magnetic stirrer to promote water extraction of the coagulant proteins. The suspension was passed through a filter paper (Whatman No 42). The filtrate portion was used as coagulant in treating paint wastewater [6] [28] . The characteristics of the Okra pod on the bases of [29] standard method are presented in Table 2 .
Coagulation-Flocculation Experiment
An experiment was conducted using conventional jar test apparatus. Desired dosages of Okra coagulant between 100 -500 mg/L were added into 300 ml of paint wastewater in 1 litre beaker at room temperature. The content of the beaker was stirred vigorously at 250 rpm for 2 min, using magnetic stirrer, and 20 min of slow mixing at 30 rpm. Then the stirrer was turned off and the suspensions were allowed to settle for 30 min. During the settling period, 20 ml of supernatant were pipetted at an interval of 3 min, 5 min, 10 min, 15 min, …, and 30 min. Then the turbidity of each supernatant collected at specific time was measured and recorded. All tests were conducted at an ambient temperature. The above procedure was repeated 5 times at room temperature, at different dosages and pH. The pH adjustment was done by using dilute hydrochloric acid (HCl) and diluted sodium hydroxide (NaOH).
Results and Discussion
Coag-Flocculation Kinetics
The values of coag-flocculation reaction parameters are presented in Tables 3-7 , using standard nephelometric jar test. The test was performed on a sample of paint wastewater with initial suspended solid particles (SSP) of 788.85 mg/L, Okra dosage range 100 -500 mg/L and pH 2 -10. R which should be used as an indicator of adequacy of the model, since it takes into account not only deviations, but also numbers of degree of freedom. The RMSE and SSE are very small, which indicates minimal error and thus, we assume our fit to be good.
For 100 mg/L at pH 4, the 2 R value is 0.8802, means that the fit explains 88.02% of the total variation, in the data about the average. Using the coagulation rate constant from the fit of the monomer concentration, the constant kernel model is able to predict the time evolution of the larger aggregate at early stage.
The highest value of K is τ = It can be deduced from the observation, that coag-flocculation with low dosage is more favoured in acid medium based on the charge density principles [22] [28].
Variation of Removal Efficiency, E (%) as a Function of Time, pH and Dosage
Removal efficiency E (%) with time, pH and dosage is obtained by evaluating equation 10. The graphical results, represented in Figures 6-10 are obtained for pH 2, 4, 6, 8 and 10 at 100, 200, 300, 400 and 500 mg/L Okra dosages. Generally, the efficiency increases with increase in time, though the magnitude differs for particular pH and dosage. Each coagulant has an optimal dose that results in the greatest turbidity removal and that differs depending on the water initial turbidity [29] - [31] .
From the figure, the suspended solid removal efficiency for all doses at pH 2 -10 is between 5% -75% in the first 3 min, and more than 80% at 30 min respectively. The implication is that at least 80% to 95% of initial SSP load of 788.85 mg/l were removed after 30 min settling time. The best performance was achieved at pH 4 with 200 mg/L dosage. Figures 6-10 show that turbidity reduction efficiency increases with the increase in coagulant dosage till it reaches its optimum dosage after which the reduction and removal efficiency start to decrease. Hence, the optimum dose and optimum pH are 200 mg/L and 4.0 respectively. According to [31] [32] , at lower pH and lower coagulant dosage, the only mechanism for the destabilization of particle is charge neutralization. 
Time Evolution of Particle Cluster Size Distribution
Using the k obtained from the linear plots of Equation (6), Equations (14)- (16) are able to predict the time evolution of particles aggregates (Singlets, doublets, triplet for m = 1, 2, 3 respectively).
Represented results are shown in Figure 11 and Figure 12 , which show the response of Equation (13) to two different 1 2 τ of 14.91 and 70.43 minutes. The trend is similar for all the curves and represents particle distribution expected in a typical coagulation process [33] [34] .
The numbers of primary particles (singlets) as shown in Figure 11 and Figure 12 , decreases more rapidly than the total number of particles ( N ∑ ). This is because doublets and triplets are formed because of the quick destabilization of singlets which facilitated coagulation process [19] .
Collision frequency values have small variations, suggesting high kinetic energy that overcomes the zeta potential, favoring fast coagulation. Values of 1 2 τ are high, corresponding to low collision frequency values, suggesting existence of electrostatic repulsion interactions between colloid particles for particles of like charges and also attraction for particles of unlike charges, which indicates the existence of Van der Waals attraction forces between colloid particles and coagulant [24] . 
Conclusion
From the present study, Okra pod is a very effective coag-flocculants for treatment of paint wastewater at room temperature (303 K). Varying dosages had no significant difference on the coag-flocculation performance of Okra pod, but varying pH conditions of paint wastewater, has significant difference on the coag-flocculation performance. From experimental optimum conditions, Okra pod becomes an effective coag-flocculants for the purification of industrial wastewaters within the range of pH 2 -6.
